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Simple Summary: Reflex molecular testing is an emerging concept in oncology that, for a variety
of cancers, was demonstrated to reduce the time to treatment initiation, thus potentially impacting
survival outcomes. In advanced melanoma, BRAF mutation testing is critical in predicting treatment
response with targeted therapy (i.e., BRAF/MEK inhibitors). Certain features were identified in
melanomas that harbor BRAF mutations (e.g., primary lesions located on the trunk, diagnosed in
patients <50, visibly pigmented tumors and, at times, with ulceration or specific dermatoscopic
features). For select advanced melanoma patients, delays in determining mutational status present a
significant barrier to the prompt initiation of treatment, which can adversely impact patient outcomes,
especially in the metastatic setting due to a rapidly progressive disease. Treatment in these cases
needs to start promptly by a medical oncologist. Ordering BRAF testing by preceding members of the
treating team will allow medical oncologists to initiate treatment at the first visit. According to poor
survival outcomes, we propose that patients with thick tumors (>4.0 mm) or >2 mm tumors with
ulceration (i.e., stage >IIB) should potentially be considered for systemic therapy, thus justifying
reflex BRAF testing. We overview current BRAF mutation testing recommendations and methods
used in the United States, Canada, and Europe.

Abstract: Targeted therapy has been developed through an in-depth understanding of molecu-
lar pathways involved in the pathogenesis of melanoma. Approximately ~50% of patients with
melanoma have tumors that harbor a mutation of the BRAF oncogene. Certain clinical features have
been identified in BRAF-mutated melanomas (primary lesions located on the trunk, diagnosed in
patients <50, visibly pigmented tumors and, at times, with ulceration or specific dermatoscopic
features). While BRAF mutation testing is recommended for stage III-IV melanoma, guidelines
differ in recommending mutation testing in stage II melanoma patients. To fully benefit from these
treatment options and avoid delays in therapy initiation, advanced melanoma patients harboring
a BRAF mutation must be identified accurately and quickly. To achieve this, clear definition and
implementation of BRAF reflex testing criteria/methods in melanoma should be established so that
patients with advanced melanoma can arrive to their first medical oncology appointment with a
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known biomarker status. Reflex testing has proven effective for a variety of cancers in selecting thera-
pies and driving other medical decisions. We overview the pathophysiology, clinical presentation
of BRAF-mutated melanoma, current guidelines, and present recommendations on BRAF mutation
testing. We propose that reflex BRAF testing should be performed for every melanoma patient with
stages >IIB.

Keywords: targeted therapy; reflex testing; BRAF inhibitor; BRAF mutation; MAPK pathway;
metastatic melanoma; advanced melanoma; stage II

1. Introduction

Melanoma incidence and mortality are continuously increasing in the United States,
Canada, and other countries around the world [1-4]. Advances in our understanding of
molecular pathways have led to improvements in the historically unfavorable prognosis of
metastatic melanoma [5]. One of the most studied regulatory signaling pathways is the
mitogen-activated protein (MAP) kinase pathway. In the early 2000s, it was discovered
that many cases of metastatic melanoma exhibited inappropriate activation of this pathway
through a mutated BRAF oncogene [6]. Since then, the development of targeted therapies
to suppress this signaling have given BRAF-mutation status a critical role in the clinical
decision making for the treatment of advanced melanoma.

Despite the importance of the MAP kinase pathway in the treatment of melanoma,
there is no consensus at which time point BRAF mutation testing should take place during
the workup of melanoma. For some patients, delays in determining mutational status
present a significant barrier to the prompt initiation of treatment, which can adversely
impact patient outcomes, especially in the metastatic setting, where patients may have a
rapidly progressive disease. Treatment in these cases needs to start promptly at the time
of diagnosis. This positional paper provides an overview of the pathophysiology and
clinical presentation of BRAF-mutated melanoma and presents current guidelines and
recommendations for BRAF mutation testing.

2. Pathophysiology

Compared to other types of cancer, melanoma tumor cells have one of the highest
frequencies of mutational burden [7], which results from extensive exposure to carcinogenic
ultraviolet radiation [7]. Extensive studies summarizing the occurrence of pathogenic mu-
tations in melanoma have been reviewed elsewhere [8-10]. Such mutations are commonly
found in the MAP kinase signaling pathway, which regulates cellular processes including
cell growth, proliferation, and survival [11].

3. MAP Kinase Pathway

The MAP kinase pathway is a signal transduction pathway that transfers an extracellu-
lar signal to the nucleus of the cell in order to regulate gene expression [11] (Figure 1). The
initial step in the pathway is the binding of a ligand, a growth factor, to the extracellular
portion of its cognate receptor tyrosine kinase (RTK) [11]. This leads to activation of the
downstream signaling cascade composed of the G-protein RAS, followed by the protein
kinases BRAF, MEK, and ERK [11]. Finally, activated ERK migrates to the nucleus and
activates various transcription factors involved in the growth, proliferation, and survival
of the cell [11]. Mutations leading to constitutive activation of this pathway lead to the
inappropriate proliferation of melanocytes [12]. In conjunction with other dysregulated
pathways, proliferating melanocytes may then progress to melanoma [12].
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Figure 1. Overview of the MAPK pathway. (A) MAP kinase pathway in the settings of wildtype BRAF and mutated BRAF.
In the presence of a BRAF mutation, inappropriate constitutive activation of the pathway occurs, leading to cell proliferation.

(B) In the presence of BRAF inhibitor monotherapy, paradoxical activation of the MAP kinase pathway occurs through

mutated RAS and CRAF, an isoform of BRAF. SCC: squamous cell carcinoma; RTK: receptor tyrosine kinase.

Amongst activating mutations of the MAP kinase pathway, up to 50% of cases involve
the BRAF gene [13,14]. In a majority of cases, BRAF mutation involves a substitution of
valine (V) at the gene’s 600th codon [15]. By far, glutamic acid (E) is the most frequently sub-
stituted amino acid, with an incidence of up to 90% [15]. In vitro, BRAFVO9E demonstrates
a 500-fold increase in kinase activity, which allows for aberrant cell proliferation [16]. Less
frequently (<9%), BRAF mutations may involve substitutions of the same codon with other
amino acids (V600K, V600R, V600M, and V600D) or include substitutions at other positions
of the BRAF gene (L597V, K601E, and D594N), but these are rare events (<1%) [15,17,18].

To target aberrant MAP kinase pathway signaling, BRAF inhibitors (BRAFi) such as ve-
murafenib, dabrafenib, and encorafenib were developed. Regrettably, BRAFi monotherapy
resulted in the development of tumor resistance and relapse in approximately half of the
patients within ~6 months [17-19]. This occurs through a multitude of BRAF-independent
mechanisms that allow melanoma cells to maintain MAP kinase signaling [20]. Thus, an
attempt to mitigate the limitations and potential harmful consequences of isolated BRAF
inhibition was made through the addition of a concomitant MEK inhibitor. A combination
therapy consisting of a BRAF and an MEK inhibitor has proven to be advantageous [21,22].

Furthermore, BRAFi monotherapy often led to the development of secondary cancers
such as squamous cell carcinomas and keratoacanthomas in up to 20% of patients [23].
This phenomenon was found to be the result of paradoxical activation of the MAP kinase
pathway in pre-existing keratinocyte lesions with wildtype BRAF, but with an activating
mutation of RAS [24]. The paradoxical activation occurs through cRAF, an isoform of
BRAF that is able to independently activate the downstream cascade of MAP kinases
(MEK and ERK) [25]. Further studies showed that monotherapy with BRAFi accelerated
the development of other pre-existing RAS mutation malignancies such as leukemia and
pancreatic and colon cancers [26]. The addition of an MEK inhibitor blocks this pathway
and decreases the toxicity from RAS activation in normal cells.



Cancers 2021, 13, 2282

40f18

Notably, according to previous investigations, the co-occurrence of mutations in
NRAS and BRAF genes has been reported [27]. These mutations are not mutually exclusive.
However, as per the National Comprehensive Cancer Network (NCCN) guidelines (version
2.2021), there is a low probability that they would occur together [28]. The concomitant
mutation of BRAF and NRAS genes may lead to a resistance to MEK inhibition [27].
However, the current evidence is insufficient to suggest that the presence of a co-mutation
would require a change in recommended therapy [28].

4. Clinical Presentation of BRAF-Mutated Melanomas and the Use of BRAF as a
Prognostic or Treatment Response Predictive Marker

Several clinical features have been identified in melanomas harboring a mutation in
BRAF (Table 1). It is important to note that the NCCN guidelines do not recommend the use
of these features for the determination of mutation status or to make decisions regarding
testing [29]. Typically, younger patient age was found to be associated with the presence of
a BRAF mutation [6,30,31], as well as high estimated annual life UV exposure [28,32], higher
total body nevus counts [28], fewer markers of chronic sun damage (i.e., absence of solar
elastosis) in the surrounding skin [6,30], and the presence of ulceration [14]. Furthermore,
on dermoscopy, findings of irregular peripheral streaks [31], blue-white veil [33], and
“peppering” (the latter representing regression and melanophages in the dermis) [34] were
associated with BRAF mutation in patients. Hence, primary lesions that are located on the
trunk, diagnosed before the age of 50, visibly pigmented and, at times, with an ulceration
have been shown to have an association with mutated BRAF [6,32]. Of the subtypes of
cutaneous melanoma, mutated BRAF is seen most frequently in superficial spreading and
nodular subtypes [6,30,35]. Some reports have also found BRAF mutation status to be
associated with an increased tumor thickness [36].

Notably, BRAF mutation status is currently the only validated predictive treatment
response marker in melanoma [37-39]. The presence of a mutation is highly predictive
of response to therapy with BRAF/MEK inhibition [37]. However, the presence of the
BRAF mutation is not a useful prognostic marker for melanoma. The disease-free inter-
val from primary diagnosis to first metastasis appears to be no different based on BRAF
mutation status alone [6]. Overall survival for patients with primary melanoma harbor-
ing BRAF mutations also does not appear to be impacted [6,36]. Studies examining the
outcomes of survival in metastatic disease have yielded conflicting results [36]. Some
studies reporting reduced overall survival in BRAF-mutated melanoma were confounded
by factors such as the tendency of BRAF-mutated melanoma to present at more advanced
disease stages [30,35] and the eligibility of patients to received targeted therapy in clinical
trials [6]. Although there is the perceived notion that BRAF-mutated melanoma has a more
aggressive clinical course, this has not been established in clinical studies [36,40].

5. BRAF Testing at the Time of Diagnosis
5.1. Overview of Diagnosis

The definitive diagnosis of melanoma requires histopathologic assessment of the
tumor. Based on the eighth edition of the American Joint Committee on Cancer (AJCC)
staging system, parameters of the primary tumor (T), lymph nodes and lymphatic drainage
(N), and distant metastases (M) are used to determine the pathologic stage (Table S1).
Patients with primary tumors without spread are classified as stage I or II, depending on
the tumor characteristics (tumor thickness and ulceration only). Tumors that have spread
beyond the primary skin site as indicated by the presence of in-transit tumors, satellite
tumors, or involvement of lymph nodes, but without distant metastases are classified as
stage III. Patients with distant metastases are categorized as stage IV. Each stage carries a
different risk of disease relapse and survival [41].
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Table 1. Frequently reported features of melanoma found to be associated with BRAF mutation status.

Patient Features

Primary Melanoma

Metastatic Melanoma

BRAF mutation prevalence

Primary melanoma: 33—47% [6]

Metastatic melanoma: 41-55% [6]

Recurrent melanoma found to have higher
frequency of BRAF mutation [14]

Patient Features

Age of diagnosis

<50 [6,30]

Younger individuals [6]

UV exposure

High estimated lifetime exposure [28] and
early-life exposure [28,32]

Total body nevus count

Patients with high number of nevi on back
(>14) [28] more likely to harbor a
BRAF mutation

Chronic sun-damaged skin

Fewer signs of chronic sun damage [30], such
as lentigines [32] and solar elastosis [14,28]

Less chronic sun damage [6]

Melanoma Features

Number of primary lesions

Occult or 1 lesion [6]

Location of primary melanoma

Truncal location [6,30,41]

Truncal location [6]

Melanoma subtype

Superficial spreading [30] or nodular [14]

Pigmentation

Presence of pigmentation on pathology and
as detected by patient [32]

Breslow thickness (of primary)

BRAF mutation associated with increased
tumor thickness compared to
wildtype [42,43]

Ulceration (of primary)

BRAF mutation associated with the presence
of ulceration [14,41,44,45]

No association [6]

Dermoscopy features

Irregular peripheral streaks [31], blue-white
veil [33], and “peppering” [34]

Outcomes

Stage at presentation

Presentation at a more advanced stage is
associated with BRAF mutation [30,35]

Response to chemotherapy

No association [6]

Response to BRAF/MEK inhibitor

Highly predictive of response to
therapy [37]

Disease-free interval (primary diagnosis
to first distant metastasis)

No association [6]

Outcome (survival)

No association [6]

Further investigation necessary

Importantly, variability exists in the published guidelines directing BRAF mutation

testing. The NCCN guidelines recommend BRAF testing in patients for whom targeted
therapy may be an option [29]. This includes patients with stage III melanoma at high
risk for recurrence or patients presenting with loco-regional recurrence or stage IV disease.
The NCCN panel does not recommend BRAF testing for resected pathologic stage I or II
cutaneous melanoma unless the results may be used to direct participation in clinical trials.
The European Society for Medical Oncology (ESMO) mandates mutation testing for all
patients with advanced disease, which includes stages III or IV (resected or unresected) [46].
Contrary to the NCCN guidelines, ESMO recommends mutation testing for high-risk
pathologic stage IIC melanoma patients.

As the landscape for treatment options expands, clear guidelines for biomarker testing
ensure that high-risk patients receive the first-line treatment options for which they are
eligible. As mentioned, there is currently a discrepancy between the published guidelines.
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In congruence with the ESMO guideline recommendation for testing, pathologic stage IIC
should be recognized as high-risk melanoma, and these tumors should undergo mutation
testing. This is supported by the evidence/clinical data reporting that stage IIC melanoma
patients have paradoxically worse outcomes of overall survival (OS) and relapse-free sur-
vival (RFS), when compared to patients presenting at stage IIIA [47,48]. Specifically, 5-year
survival rates for both stage IIB and stage IIC disease (87% and 82%, respectively) are lower
than the 5-year survival rate of 93% for stage IIIA melanoma [41,47]. Although targeted
or immunotherapies are not currently formally indicated in high-risk stage II patients, a
number of ongoing clinical trials (e.g., MK-3475-716/KEYNOTE-716 and CheckMate76K
trials) will aid to resolve the role of adjuvant therapy in pathologic stage IIB/C disease.
Hence, patients with thick tumors (>4.0 mm) or >2 mm tumors with ulceration should
potentially be considered for systemic therapy, thus justifying reflex BRAF testing in this
higher-risk patient population.

5.2. Methods of BRAF Mutation Testing

Many testing options are available to detect BRAF mutations, each with unique
strengths and weaknesses to be taken into consideration. The current guidelines do not
provide a detailed diagnostic testing algorithm. In clinical practice, in some centers, im-
munohistochemistry (IHC) can be used as a preliminary screening tool to initiate treatment.
Confirmatory testing can then be performed using molecular techniques, while other
centers prefer the use of real-time PCR (RT-PCR) or next-generation sequencing (NGS) ap-
proaches to detect mutation over IHC. Notably, while, in Canada, confirmatory/validation
testing can be performed within a hospital testing center using a locally accepted tech-
nology, in the United States, only specific platforms are certified by the Food and Drug
Administration (FDA) to confirm BRAF mutation status. In Europe, according to the ESMO
guidelines, a validated test should be used only in an accredited (certified) institute that
includes appropriate quality controls [49]. A summary of the diagnostic testing modalities
is provided in Table 2.

5.3. Immunohistochemistry (IHC)

Binding of the monoclonal antibody VE1 allows for the detection of the mutant
BRAF V600E protein. This approach is preferred in many European centers and is able to
effectively and efficiently identify the presence of the mutated protein in formalin-fixed
and paraffin-embedded (FFPE) tissue samples. The antibody is a qualitative tool that has
not been validated for quantifying the level of expression of the mutated protein [50]. It is
a relatively low-cost test with fast turnaround time for results and a reported sensitivity as
high as 98.6% and a specificity of 97.7% [51]. Thus, IHC may serve as a cost-effective first-
line screening method for BRAF mutations providing sufficient evidence to allow patients
to begin targeted therapy [29]. However, even if results of IHC are positive and therapy
begins, the NCCN recommends confirmatory molecular testing to be performed [29]. Given
that the antibodies used in IHC currently are limited to only the V600E mutation, negative
IHC results require further testing with molecular-based modalities to assess for other
BRAF variants/mutations that can benefit from targeted therapy.

5.4. Real-Time PCR

RT-PCR is used to amplify tumor DNA sequences and tags mutant and wildtype
sequences with labeled primers. Comparing the strength of the wildtype and mutant
signal determines the presence of mutation [50]. This technique is relatively fast and
cost-effective and has demonstrated sensitivity and specificity as high as 96% and 100%,
respectively [50]. However, this technique is often used with kits that contain primers
that were only designated to target the most common mutations including V600E, K,
and D. Although, the US FDA approved Cobas® 4800 and THxID® assays to be used as
a confirmatory test for BRAF mutation, specialized treatment centers generally tend to
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use genomic sequencing to be able to also detect mutations that involve other loci and
genes [50].

Table 2. Summary of diagnostic testing modalities used to detect BRAF-mutated melanoma. IHC, immunohistochemistry;

HRM, high-resolution melt; NGS, next-generation sequencing; RT-PCR, real-time polymerized chain reaction.

RT-PCR

Features IHC HRM Sanger Pyrosequencing NGS
Cobas® THXID®
Detectlpn of VE1 antibody for V600E Indirectly Whole exon, Optimized for Whole exon,
mutations V600E detects detects rare V600 detects rare
V600E V600K . . . .
[50,52] mutations mutations mutations mutations
>96% (V600E)

e o o o o 92.5% (for 90 to 100% o
Sensitivity Up t0 98.6% [51] 95% [53] >92 /0[ éXfOOK) 99% [52] V600E) [53] [52,54] 99% [55]
Specificity 97.7% [51] 98% [50] 100% [50] 100% [52] 100% [52] 95[;3 }_)(_)1(]) o 100% [55]

Limit of
detection (i.e.,
proportion of Few cells [56] 7% [52] 5% [50] 6.6% [50] 6.6% [57] 5.0% [58] 2% [52]
cells that are
positive)
Turnaround
time [52] <1 day 1 day 1 day Up to 3 days 2 days Up to 5 days
Cost [52] Low Medium Low Medium High Very high

It is worth noting that a recently developed fully automated BRAF mutation RT-PCR
test (Ic'lyllaTM by Biocartis) is able to detect BRAF V600E, E2, D, K, R, and M mutations
with high sensitivity. This test identifies mutated cells representing only 1% in the wildtype
background (detection limit 1%) in FFPE samples [59]. This method also has the benefit of
having a fast turnaround time (~2 h) as no DNA extraction step is required since 5-10 um
FFPE sections are loaded directly into the device. The disadvantages include higher cost of
the equipment and the limitation that only one sample can be processed at a time.

5.5. High-Resolution Melt

High-resolution melt curve analysis (HRM) is a PCR-based method that uses the
melting temperature of PCR products to determine mutations in DNA sequences. In
general, this results in rapid turnaround time at a low cost [50]. Although some studies
reported variable sensitivity and specificity for this technique, a meta-analysis of melanoma
and other BRAF-mutated cancers demonstrated that the pooled sensitivity for HRM in
melanoma was ~99% (ranging from 93% to 100%) and pooled specificity was ~99% (ranging
from 88% to 100%) [60]. Similar to RT-PCR, the disadvantage of HRM is that the direct
identification of the specific nucleotide sequence is not possible. Several centers use IHC
and, subsequently, HRM and RT-PCR molecular methods to confirm BRAF mutation
findings. If the molecular results are equivocal, Sanger sequencing or next-generation
sequencing is then employed to establish the mutation status.

5.6. Sanger Sequencing

Sanger sequencing, less commonly used today, was historically regarded as the gold
standard for the identification of acquired mutations. It determines a complementary
sequence of DNA after various lengths of the sequence are produced with labeled nu-
cleotides [50]. This allows for the identification of other mutation sequences of BRAF
and, thus, is not only limited to the V600E mutations, as observed in IHC and RT-PCR
tests. However, this technique requires a high percentage of tumor cells within a sample.
This may necessitate pathologists to perform a macrodissection of a sample if the tumor
cell percentage is <50% [61]. The sensitivity of Sanger sequencing is reported at 92.5%
for the V60OE mutation [53], and it has a specificity of up to 100% [61]. As it offers a
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relatively low sensitivity (with a high limit of detection ~20% [61]) at a mid-range cost
and turnaround time, Sanger sequencing is generally not considered to be a reference test
for BRAF mutation status [61], but can rather be used as a confirmatory test (i.e., if results
of PCR-based testing are negative or inconclusive), although it is not commonly used in
current practice [50,62].

5.7. Pyrosequencing

The process of DNA synthesis is also utilized in pyrosequencing; however, by detect-
ing enzymatic reactions with each addition of a base pair, this process is generally faster
compared to Sanger sequencing. Pyrosequencing has also been found to have a lower
limit of detection than Sanger sequencing and a sensitivity of 98%. However, it has been
reported to have a lower specificity, ranging from 90% to 100% [50]. This relatively newer
technology can be expensive, as costs of equipment and reagents are considerably high.
Although the overall processing time is longer than IHC and RT-PCR, it is able to perform
more detailed genomic sequencing faster than the Sanger sequencing method.

5.8. Next-Generation Sequencing (NGS)

The use of multigene analysis is expected to become more prevalent in melanoma
management due to its high mutational burden. Over the past decade, NGS has increasingly
became the choice of large-scale sequencing. NGS can detect additional gene variants,
quantify variant allele frequency, and analyze multiple genes with great sensitivity (99%,
limit of detection 2%) and specificity (100%) [55]. Importantly, it is possible to analyze
samples with limited tumor tissue present, unlike traditional Sanger sequencing [61].
However, the impressive features of NGS come at a high cost and require more hands-on
processing time than other methods [52]. Limiting the analysis of NGS to actionable genes
such as BRAF was shown to be cost- and time-effective [61]. From a research perspective,
collecting information on other mutation drivers is of interest to identify potential future
therapeutic targets and to select patients for clinical trials.

6. Implementation of Reflex Testing

Despite major advances in the laboratory turnaround time for the aforementioned
diagnostic modalities, there remain significant barriers to the timely implementation of
personalized medicine. In the workup of advanced melanoma, patients often require
referral/input from a diverse range of specialists, which may include dermatologists,
surgeons, pathologists, and medical oncologists. The process of selecting which melanomas
require further testing is the step that produces a significant delay, especially if tissues
require relocation to a different testing center. If advanced melanoma patients arrive to the
medical oncologist appointment without BRAF mutation status, this ultimately translates
to unnecessary wait times before the treatment can be initiated. For advanced melanoma,
ordering BRAF testing by preceding members of the treating team will allow medical
oncologists to initiate therapy promptly, which may impact disease outcomes.

Reflex molecular testing is an emerging concept in medical oncology. In particular, it
is valuable for biomarkers that are not universally ordered for all presentations of cancer
(Table 3). In breast cancer, all tumors are sent for hormone receptor and human epidermal
growth factor (HER2) receptor testing, regardless of whether they are primary, recurrent, or
metastatic. However, not all melanoma biopsies are tested for BRAF mutation, as primary
cutaneous melanomas are rarely managed with systemic therapies. Thus, the development
of clear BRAF reflex testing criteria/guidelines can prevent unnecessary waiting periods.

In non-small-cell lung cancer (NSCLC), the use of reflex testing has been demonstrated
to successfully reduce the time to treatment initiation. Cheema et al. [63] implemented a
model of reflex testing in NSCLC, where pathologists reflexively order biomarker tests
(EGFR and ALK) immediately upon pathological confirmation of NSCLC diagnosis. Pa-
tients were then able to more consistently arrive to their first medical oncology appointment
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with known biomarker status. Effectively, this reduced the median time to treatment initia-
tion by 21 days [63].

Similar models of reflex testing in lung, breast, colon, and ovarian cancers have
also successfully demonstrated a reduction in time to treatment initiation. While further
discussion on reflex testing in other cancers is beyond the scope of this paper, we present a
summary of how reflex testing can be used to make therapeutic (Table 3) or other medical
decisions (Table 4).

Lastly, the results of reflex testing on survival have yet to be fully elucidated. Metastatic
melanoma disseminates quickly and has a grim prognosis if left untreated; patients with
stage IV melanoma have a reported median survival of only 7.5 months [64]. Reduction
in the delay of treatment initiation may lead to a favorable survival outcome in advanced
melanoma patients. Following implementation of reflex BRAF testing in melanoma, it
would be of interest to study whether there is indeed an effect on time to treatment initiation
and/or impact on survival outcomes.

7. Treatment

As per the NCCN, the best management of any patient with advanced cancer is
through participation in a clinical trial (category 2A recommendation) [29], although, in
recent years, a number of therapies have been vigorously vetted and proven effective for
advanced melanoma. Current trials are investigating the role of combining immunotherapy
and targeted therapy and determining optimal sequencing of treatments if used consec-
utively [22,65]. Investigations of the utility of early adjuvant therapy in early stages of
melanoma are also underway, in an effort to potentially eradicate residual disease before it
becomes overtly metastatic. Early adjuvant therapy use would be ideally combined with a
stronger comprehension of biomarkers predicting tumor aggressiveness [66].

For advanced metastatic melanomas, immune-checkpoint inhibitors and targeted
therapies are now approved as first-line treatments [29]. There is currently a lack of clinical
trials directly comparing immune-checkpoint inhibitors, targeted therapy, or a combination
of both for patients with BRAF mutated melanomas. Thus, there are no clear directives
for which treatment should be used first-line for patients, who may be eligible for both.
Decisions directing treatment should always be informed on a case-by-case basis. The
current recommendations based on the NCCN guidelines are presented in Table 5.

Notably, for patients with documented BRAF V600 mutation, targeted therapy be-
comes an important first- or second-line systemic option. Due to the paradoxical develop-
ment of resistance, relapse, and secondary cancers in BRAFi monotherapy [17-19], targeted
therapy treatments now include the addition of an MEK inhibitor. Combination with MEK
inhibition reduces rates of resistance and provides long-term survival benefit of up to
5 years, especially in patients with normal lactate dehydrogenase (LDH) levels and fewer
than three sites of disease [17-19,21,67-69]. Multiple phase III studies have confirmed the
superior benefit of BRAF/MEK inhibitor combination therapy for PFS and OS in patients
with unresected or metastatic melanoma (Table S2). Combination of BRAF/MEK inhibitors
has also demonstrated improved PFS and OS, when used as adjuvant therapy for resected
stage III melanoma [17-19,21,67-69].

On the basis of these favorable results, the NCCN (version 2.2021) recommends
combined targeted therapy (i.e., dabrafenib/trametinib) as adjuvant treatment for all
patients with stage III disease harboring an activating mutation of BRAF V600 [29]. How-
ever, due to limited trial evidence of efficacy in resected stage IV disease, adjuvant
BRAF/MEK inhibitor therapy is not currently recommended for these patients. For un-
resected or distant metastatic disease harboring BRAF V600 mutation, first-line options
for BRAF/MEK inhibition include dabrafenib /trametinib, vemurafenib /cobimetinib, or
encorafenib /binimetinib [29].
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Table 3. Roles of predictive biomarkers in various types of cancer. Those presented below have studies examining the effect of reflex testing on direct management options (primarily targeted
therapy). Biomarker and predictive values were adapted from El-Deiry et al. [70]; other sources used are cited directly in text. DDR, DNA damage response; EGFR, epidermal growth factor

Patient Population

Reflex Testing Used

receptor; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; NSCLC, non-small-cell lung cancer; PARP, poly (ADP-ribose) polymerase; PR, progesterone receptor.
Outcomes Observed

Predictive Value

Incorporation of Oncotype DX

Malignancy Biomarker

testing reduces unwarranted

chemotherapy use, improves life

Breast cancer Oncotype Dx multigene assay

Predictive of chemotherapy Stage I, I ER+/PR+/HER2—

benefit

Patients evaluated for metastatic

Reflex testing criteria developed for

surgeons to order the test

immediately after post-operative
pathology results are available [71]

Reflex KRAS testing is requested in

expectancy, and is cost-effective

[72]. The introduction of reflex
criteria testing for surgeons to
implement reduced time from
surgery to initiation of
chemotherapy by 6.4 days [73]
Reflex testing offers maximal

lead time to identify patients
suitable for third-line anti-EGFR

Colon cancer KRAS

disease, whenever anti-EGFR

Predictive for resistance to
therapy is considered

anti-EGFR therapy

Patients with advanced lung

metastatic cases of colon cancer
starting second-line therapy [74]

therapy [74]

Reduces the median time to

Lung cancer (NSCLC) EGFR ALK

cancer who are candidates for
targeted therapy. The NCCN
recommends molecular profiling
for all patients with
metastatic NSCLC.

Positive predictor of treatment
with EGFR tyrosine kinase
inhibitors or ALK tyrosine kinase
inhibitors, respectively

EGFR and ALK have the greatest

Reflex testing of ALK and EGFR by

pathologists at the time of
diagnosis of NSCLC [63]

Retrospective examination of the

treatment using systemic therapy
by 10 days [63]

Reduces the average turnaround
time of testing by 26 days and

EGFR, ALK, ROS1, MET, RET,

Patients with newly diagnosed
lung adenocarcinoma of any
pathologic stage

evidence supporting targeted
therapy for mutations.
Rearrangements in other genes

effect of reflex testing of molecular
biomarkers at the time of
pathologic diagnosis of lung
adenocarcinoma [44]

almost doubles the rate of
variants that are detected [44]

KRAS BRAF, PDL1, HER2
have lower-level evidence to
direct management
Reflex testing identifies more
BRCA mutations, reduces the
BRCAI Predictive of response to PARP Women with high-grade serous Reflex tumor testing of all time to critical treatment decision,
Ovarian cancer BRCA 2 inhibitor and eligibility for carcinoma are eligible for BRCA high-grade serous carcinoma at and helps to determine other
genetic counseling mutation testing initial diagnosis [45] BRCA mutation carriers that may
benefit from
preventative treatment [45]
Prostate cancer (castration BRCAT Predictive of response with PARP Men with metastatic prostate milrtgv%isk:ﬂs;ltizi)s(?arg;ngi‘s/\é};ihigy
. BRCA 2 and other DDR enzyme . Yet to be tested
resistant) s cancer benefit from reflex
ATM inhibitors . .
testing strategies [75]
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Table 4. Roles of predictive biomarkers in various types of cancer. Those presented below are examples of the utility of reflex testing for purposes primarily outside of direct clinical
management (e.g., genetic counseling). HPV, human papillomavirus; IHC, immunohistochemistry; MSM, men who have sex with men; NCCN, National Comprehensive Cancer Network.

Malignancy

Biomarker

Purpose

When to Test

Utility of Reflex Testing

Anal squamous cell carcinoma

HPV

Screening test for anal squamous cell
carcinoma (SCC)

Annual rectal exam in high-risk
groups such as MSM

Reflex testing of HPV for high-risk patients
(HIV+ and other immunocompromised
individuals) to screen for anal squamous
cell carcinoma

Chronic myeloid leukemia
(CML)

BCR-ABL

Establish initial patient baseline level
and assess response to therapy in
follow-up samples

As part of workup for CML or acute
lymphoblastic leukemia (ALL)

Following a positive BCR-ABL1 RT-PCR
result, a reflex test is performed to provide
a quantitative measurement of BCR/ABL1

mRNA transcript to be recorded as the
baseline level [76]

Chronic myeloid leukemia
(CML)
Acute myeloid leukemia with
myelodysplasia-related changes
(AML-MRC)

KIT

Identifying the co-occurrence of
systemic
mastocytosis

Patients diagnosed with CML or
AML-MRC, with an identified
D816V mutation of KIT

Identifying systemic mastocytosis with
associated hematologic malignancy allows
for appropriate treatment of the systemic
mastocytosis component [77]

Colon cancer

Mismatch repair genes

Genetic counseling to identify patients
with Lynch syndrome and also
predictive of response to
immune-checkpoint inhibitors

As detailed in the Bethesda testing
guidelines for Lynch syndrome

Ontario is performing reflex IHC in
colorectal cases presenting before the age of
40 [78] to identify Lynch syndrome patients

Endometrial cancer

Mismatch repair genes

Detection of Lynch syndrome

As detailed in the Bethesda testing
guidelines for Lynch syndrome

Implementation of reflex testing of all
newly diagnosed endometrial cancers with
IHC is suggested to identify patients, who
are at high risk and could benefit from
prevention strategies [79]

Head and neck squamous cell
carcinoma

HPV

Positive prognostic and predictive
marker of response to treatment

Patients with newly diagnosed
oropharyngeal squamous cell
carcinoma

Reflex testing of oropharyngeal primary
tumors with p16 IHC [80]

Pancreatic cancer

BRCA1
BRCA2

Genetic counseling to identify other

potential carriers of founder mutations.

Predictive of response to
PARP inhibitors

All patients with pancreatic cancer
(NCCN guidelines)

Reflex testing of founder mutations
recommended for patients with pancreatic
adenocarcinoma with French Canadian or

Ashkenazi Jewish ancestry [81]
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There is currently weak evidence suggesting that targeted therapy has better immedi-
ate outcomes, whereas immune-checkpoint inhibitors may have a more durable long-term
response [46]. Despite durability, the response to immune-checkpoint inhibitors may be
slower than with targeted therapy [29]. The NCCN guidelines suggest that BRAF/MEK
inhibition may be preferred for patients who may benefit from a more rapid response [29].
Of course, to achieve this, it would be ideal to obtain BRAF testing results prior to the first
appointment with a medical oncologist. This is especially important in patients who have
a personal history of significant autoimmune disease (e.g., systemic lupus erythemato-
sus, psoriasis, or inflammatory bowel disease) or other comorbidities (e.g., solid organ
transplant recipients) that may preclude the use of immunotherapy. As BRAF-mutated
tumors tend to present at more advanced stages, early treatment with appropriate agents is
crucial to allow for potential tumor regression and improvements in the quality of life [6,82].
While the NCCN guidelines indicate that both immunotherapy and targeted therapies
are appropriate first-line treatments in advanced disease, ESMO specifically suggests that
immunotherapy should be considered first-line over targeted therapy in BRAF-mutated
melanoma in the absence of rapidly progressing tumors or tumors threatening important
organs and/or function. Targeted therapy can then be reserved for subsequent lines of
treatment thereafter [46].

8. Recommendation on BRAF Reflex Testing

The implementation of carefully developed disease-specific reflex testing criteria by a
multidisciplinary team is important to avoid the futile use of valuable healthcare resources.
For BRAF mutation in the context of melanoma, reflex testing criteria should include
advanced disease characteristics, as these patients would benefit the most from rapid
initiation of BRAF/MEK inhibitors. These features to a clinician/pathologist might include
melanomas exhibiting clinical characteristics associated with BRAF mutation (summarized
in Table 1), thick tumors of Breslow depth 2—4 or >4 mm with or without ulceration (i.e.,
stages IIB and IIC, respectively) and all patients with nodal involvement (i.e., stage III)
or lymphatic progression (satellitosis or in transit metastasis). While systemic therapies
are not approved for patients with pathologic stage Il melanoma, considering the risk
of disease progression in these individuals and decreased 5- and 10-year survival rates
(82% and 75%, respectively, for stage IIC and 87% and 82%, respectively, for stage I1IB
disease), knowledge of the BRAF mutational status may prove useful for selection of future
therapies. Furthermore, if stage IIB/C melanoma recurs, this usually occurs within 2 years
of surgery. Advanced knowledge of the mutation status will help initiate treatment faster
for newly metastatic or recurrent disease. While many tertiary care centers and specialized
melanoma programs have or are actively implementing reflex BRAF mutation testing, it is
paramount to promote this change across community hospitals as well, so that patients
with high-risk (stage >1IB) melanoma can consistently arrive to their first medical oncology
appointment with this information at hand to make an informed treatment decision. This
may be critically important for those patients who present to the multidisciplinary clinic
with far more advanced melanomas than implied by the microstaging features of the
primary tumor. For example, patients with large infiltrating tumors of dubious resectability
or tumors that involve vital structures might benefit from neoadjuvant targeted therapy
to facilitate their removal. Furthermore, as noted earlier, ongoing clinical trials (MK-3475-
716 /KEYNOTE-716, and CheckMate76K that enrolled stage IIB and IIC patients) should
answer the question of whether these patients might benefit from adjuvant targeted therapy.
The collective agreement on worrisome signs identifiable by dermatologists, surgeons,
pathologists, and oncologists will enable cost-effective reflex BRAF testing and timely
management for patients.



Cancers 2021, 13, 2282

13 of 18

Table 5. Summary of treatment recommendations adapted from the NCCN guidelines. Strength of
recommendations are between 1 and 2A. (NCCN Recommendation Categories: 1—based upon high
level-evidence, there is uniform NCCN consensus that the intervention is appropriate; 2A—based
upon lower-level evidence, there is uniform NCCN consensus that the intervention is appropriate;
2B—based upon lower-level evidence, there is NCCN consensus that the intervention is appropriate;
3—based upon any level of evidence, there is major disagreement that the intervention is appropriate).

Recommended Systemic

Stage BRAF Status Tumor Treatment Options
I Any Resected None
1I Any Resected None
. Nivolumab
Wl.l dtype Resected Pembrolizumab
(adjuvant) Ipilimumab #x
Nivolumab
Wildtype Pembrolizumab
(therapeutic) Unresected Ipilimumab *
I Nivolumab /ipilimumab
Nivolumab
BRAF-mutated Resected Pembrolizumab
(adjuvant) Ipilimumab
Dabrafenib /trametinib
Nivolumab
Pembrolizumab
B(IEA};} Fr;m;ﬁiitce)d Unresected Ipilimumab *
p Dabrafenib /trametinib
Nivolumab /ipilimumab
Nivolumab
Any Pembrolizumab
(adjuvant) Resected Ipilimumab *
Nivolumab/ipilimumab
Nivolumab
v Pembrolizumab
Ipilimumab *
BRAF-mutated Unresected Dabrafenib /trametinib

(therapeutic) Vemurafenib /cobimetinib

Encorafenib /binimetinib
Nivolumab/ipilimumab

* Ipilimumab is recommended if patient had prior exposure to anti-PD-1 therapy. # Although the US FDA has
approved ipilimumab in the adjuvant setting, in Canada, the manufacturers never sought approval from Health

Canada for ipilimumab as an adjuvant treatment.

9. Conclusions

Exploitation of the MAP kinase signaling pathway has led to great improvements in
the prognosis of metastatic melanoma. Mutational testing of high-risk melanoma gives
patients the option of personalized treatment, which has been shown to provide a greater
survival benefit than historical treatment modalities. Importantly, the implementation
of standardized reflex testing criteria will allow for timely initiation of these treatment
options. Further research identifying optimal use of therapies and new molecular targets
will continue to improve the outlook for advanced melanoma.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/ cancers13092282/s1, Table S1: Simplified overview of the pathologic staging of melanoma
(American Joint Committee on Cancer 8th edition), Table S2: Summary of targeted therapy trials in
the treatment of unresected stage III or IV melanoma and resected melanoma. NR: not reported.
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